Biocompatibility of sintered calcium phosphate pellets with [Ca]/[P] = 1.50 was determined in this study. Calcium pyrophosphate (CPP) phase formed on the sintered pellets immersed in a normal saline solution for 14 d at 37
Introduction
Among calcium phosphate-based ceramics, hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) and β-tricalcium phosphate (β-TCP, β-Ca 3 (PO 4 ) 2 ) are the most commonly used as bioresorbable materials and tissue-engineering scaffolds [1] [2] [3] because these ceramics are biocompatible, nontoxic, and resorbable, and because they exhibit excellent osteoconductive ability. HA has widely been used as bone cement and implant material for direct bone-to-bone grafts [4] [5] [6] . Nevertheless, natural bone is a nanocomposite combination consisting of an organic fraction and a mineral fraction containing a small amount of apatite crystals and nonstoichiometric calcium phosphate, which jointly confer mechanical resistance [7] . Therefore, applications of HA are currently limited to powders, coatings, porous bodies, and non-load-bearing implants owing to process difficulties and to the poor mechanical properties of conventional HA also reported by Suchanek and Yoshimura [8] .
Prepared nanosized HA has received much attention in recent years for simulating natural structures [9] [10] [11] . Nanoscale-engineered HA would exhibit amazing functional properties owing to its small crystallite size, large surface area to volume ratio, and ultrafine structure similar to that of biological apatite, which would have a great effect on the interaction of cells implanted in the body. In addition, the nanoscale particle size and morphology of HA can control the sinterability, solubility, mechanical reliability, and osteoconductivity of HA [12, 13] . It is important to investigate methods of fabricating HA powders at low temperature such as sol-gel [14, 15] , salt hydrolysis [16] [17] [18] , electrochemical deposition [19] [20] [21] [22] [23] , microemulsion [24] , microwave irradiation [25] , and hydrothermal reaction [26] . Using wet chemical methods to prepare HA powders usually 2 Journal of Nanomaterials results in fine-grained microstructures, even submicron-to nanocrystallites, which are better accepted by the host tissue.
Although HA powders have previously been fabricated using calcium hydrogen phosphate dihydrate (CaHPO 4 · 2H 2 O, DCPD) and calcium carbonate (CaCO 3 ) as starting materials with hydrolysis [12] , calcium-deficient HA (d-HA, Ca 10−x (HPO 4 ) x (PO 4 ) 6−x (OH) 2 ·nH 2 O, for 0 ≤ x ≤ 1) was formed, and there was significant lattice disparity between Ca 20 Na 2x (P 2 O 7 ) 1−x (PO 4 ) 12+2x and Ca 10−x Na x (PO 4 ) 6−x (CO 3 ) 1+x at calcination temperatures from 600 to 1000
• C. The arrangements of phosphate in the structure give two different channels for calcium atoms under two different environments [26] . The phosphate or hydroxyl groups can be substituted with carbonate species [27] . When the d-HA powders are sintered above 800
• C, on the other hand, a small amount of rhenanite (CaNaPO 4 ) phase is formed with the HA. The sintered HA must first be put through the immersion test to determine the biocompatibility of sintered calcium phosphate prepared in a ratio of [Ca]/[P] = 1.50.
In the present study, variations in the surfaces of sintered calcium phosphate pellets prepared in a ratio of [Ca]/[P] = 1.50 and immersed in a normal saline solution at 37
• C were observed and the biocompatibility of calcium phosphate powders and the sintered pellets were investigated. The main purposes of this work were to: (i) understand the surface transition behavior of the sintered calcium phosphate pellet prepared in a ratio of [Ca]/[P] = 1.50 and immersed in a normal saline solution for various of time, (ii) study the mechanism of dissolution and changes in the properties of sintered the calcium phosphate pellet after it has been immersed in culture medium for various time, (iii) determine the biocompatibility of calcium phosphate powders prepared in a ratio of [Ca]/[P]= 1.50, and (iv) study the biocompatibility of the sintered calcium phosphate pellet prepared in the ratio of [Ca]/[P] = 1.50.
Experimental Procedure

Sample Preparation.
In the present study, calcium hydrogen phosphate dihydrate (CaHPO 4 · 2H 2 O, DCPD, purity ≥98%, Riedel-de Häen, Germany) and calcium carbonate (CaCO 3 , purity ≥98.5%, Riedel-de Häen, Germany) were used as the starting materials. First, either 0.1 M DCPD was mixed with CaCO 3 in a ratio of [Ca]/[P] = 1.50 or pure DCPD was poured into a 500 mL NaOH solution (pH = 13, purity ≥99%, Showa Co., Japan). The mixtures were blended separately in a high-speed agitator at 75
• C for 1 h. After hydrolysis, the reactions were stopped by cooling the reaction mixtures in ice water. The precipitate products were filtered and then rinsed in deionized water. The products were subsequently dried at 60
• C and sieved with a 300 mesh until further use.
The synthesized powder prepared in a ratio of [Ca]/[P] = 1.50 was used as received without any binders added. Each sample consisted of 0.25 g of synthesized powder uniaxially cool-pressed at 23 MPa to form a 10 mm φ pellet. The pellets were then sintered by heating them from 25 to 800
• C at a rate of 2 • C/min for 4 h in air. After all the samples were sintered, they were removed from the furnace and were cooled in air.
Sample
Characterization. X-ray diffraction (XRD) analysis on the crystalline phase of the as-dried and sintered samples was performed before and after they were immersed in normal saline solution at 37
• C for various amounts of time. The analysis was performed using an X-ray diffractometer (Rigaku D-Max/III, Tokyo, Japan) with monochromatic Cu-Kα radiation (λ = 1.5405 Å ) and a Ni filter. The operation voltage and current were 30 kV and 20 mA at a scanning rate (2θ) of 1
• /min. The surface morphology of the sintered pellets was observed using scanning electron microscopy (SEM, Model XL 40 FE-SEM, Philips, Eindhoven, Netherlands). After the sintered pellets had been immersed in the normal saline solution at 37
• C for various times, they were freeze dried at −55
• C in vacuum and were then coated with gold. The Ca 2+ concentration was detected using inductively coupled plasma-mass spectrometry (ICP-MS). An ELAN 6100 DRC II ICP-MS (Perkin-Elmer, Concord, ON, Canada) was used for these experiments. Samples were introduced using a pneumatic nebulizer with a Scott spray chamber. The operating conditions of ICP-MS were optimized by continuously introducing saline solution after the immersed calcium phosphate samples containing unknown Ca 2+ concentrations). The unused saline was treated as the blank and was added to the standard solution used to produce a calibration curve. The solution flow rate was maintained at about 1.5 mL·min −1 .
Determination of Biocompatibility with 3T3 Cells.
The calcium phosphate powder pellets prepared in a ratio of [Ca]/[P] = 1.50 were sterilized and immersed in a culture medium for 4, 7, 14, or 21 d at 37
• C. The resulting media were then used to culture 3T3 fibroblasts. About 1 × 10 4 3T3 cells in 100 μL of immersion medium were seeded into each well of a 96-well culture plate and were cultured for 1, 2, 3, or 4 d. Cell viability was determined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. In addition, the sintered pellet of calcium phosphate prepared in the ratio of [Ca]/[P] = 1.50 was placed into an 80 mm dish and immersed in 75% alcohol for sterilization. After 24 h , the residual alcohol on the sintered pellet was removed by washing the pellet with the culture medium. The washed sintered pellet was then immersed in the culture medium. About 1 × 10 4 3T3 cells were seeded onto the sintered pellet and were incubated in a 5% CO 2 atmosphere for 4 d at 37
• C so that the cells could adhere to the pellet. The morphology of the cells adhered to sintered pellet was observed with an optical microscope and scanning electron microscopy.
Results and Discussion
Transition on Surface of Sintered Calcium Phosphate Pellet Prepared in a Ratio of [Ca]/[P] = 1.50 and Immersed in
Normal Saline Solution. Figure 1 shows the XRD patterns for the synthesized calcium phosphate powder pellets prepared in a ratio of [Ca]/[P] = 1.50 after the pellets had been sintered at 800
• C for 4 h and immersed in a normal saline solution at 37
• C for various lengths of time. Figure 1 (a) shows the XRD pattern for the as-sintered sample. The pattern indicates that the pellet was composed of HA and rhenanite (NaCaPO 4 ) as the major and minor phases, respectively, and that no other phase(s) were detected. NaCaPO 4 had formed because of Na + ions interstitial to the apatite structure. The XRD pattern for the sample that had been immersed for 2 d is shown in Figure 1 • . Nevertheless, all reflection peaks associated with HA have obviously shifted to higher angle sites, and the intensities of all the HA reflection peaks are slightly decreased. These phenomena occur because new substances form layers covering up previous ones on the surface of the pellet. The XRD pattern for the HA-sintered pellet immersed for 7 d is shown in Figure 1(d) . Although the angles of the HA reflection peaks had returned to their original sites, the intensities of the HA reflection peaks were significantly decreased due to the intensity of the reflection peak associated with the new phase as well gradually obvious but the phase does not identify. Figure 1(e) shows the XRD pattern for the calcium phosphate pellet prepared in a ratio of [Ca]/[P] = 1.50 and immersed for 14 d. The pattern reveals that a new phase, calcium pyrophosphate (Ca 2 P 2 O 7 ; CPP, JCPDS card no. 73-0440), had formed on the surface of the pellet, and the intensities of the HA reflection peaks also returned to the same level as those of the as-sintered pellets because amorphous calcium phosphate (ACP) had been used as the precursor substance for CPP, resulting in the intensities of the HA reflection peaks decreasing and angle of peak-site shifting. However, no new reflection peaks appeared. The CPP crystals formed on the surface of the sintered calcium phosphate pellet immersed for 14 d then the sites of the HA reflection peaks returned to their original sites as in the pattern for the as-sintered pellet. Figure 1(f) shows the XRD pattern for the sintered calcium phosphate pellet prepared in a ratio of [Ca]/[P] = 1.50 and immersed in a normal saline solution at 37
• C for 28 d. The intensities of CPP reflection peaks in this pattern were the highest because the increased thickness of the CPP crystallization layer led to further decrease in the intensity of the HA reflection peaks. The XRD patterns for the pellets immersed for 42 d are shown in Figure 1(g) . Except for the successive decreases in the intensities of the HA reflection peaks, the intensities of CPP reflections also decrease.
Surface Morphologies of Immersed Sintered Calcium Phosphate Pellets Prepared in a Ratio of [Ca]/[P] = 1.50.
The SEM images of the surface morphologies of the calcium phosphate powder synthesized in a ratio of [Ca]/[P] = 1.50, sintered at 800
• C for 4 h , and immersed in a normal saline solution at 37
• C for various lengths of time are shown in Figure 2 . The surface morphology of the pellet immersed for 2 d is shown in Figure 2(a) . A few of the HA grain boundaries appear blurred because the surface of the sintered sample is covered by an unknown substance. • C for 14 d. The CPP crystallites were clearly observed and made the amorphous substance to discriminate against become to the area of slice join together. This phenomenon also caused the intensity of the HA reflection peaks to increases. The surface morphology of the sintered calcium phosphate pellet immersed for 28 d is shown in Figure 2 (e). Although amorphous substances are not observed on the surface, the whole HA surface is covered by CPP, leading to a decrease in the intensities of HA the reflection peaks. Figure 2(f) shows the surface morphology of the sintered calcium phosphate sample immersed in a normal saline solution at 37
• C for 42 d. The CPP has formed a linked flat-plane structure over the entire HA surface. precipitation. However, because of the presence of phosphorous (P) in the solution, the pH can change, possibly forming various ions such as H 2 PO 4 − , HPO 4 2− , and PO 4 3− . Therefore, during immersion, except test the self change of HA sintered sample, variation in the solution composition is a significant contributor to the transformation of the sintered calcium phosphate samples. From the change in the Ca 2+ concentration in the immersion solution measured using Immersing duration (day) Figure 4 : Surface hardness of sintered calcium phosphate pellets and pH of normal saline solutions in which pellets had been immersed at 37
Variations in Postimmersion Concentration of
• C for various lengths of time.
ICP-MS and the difference in the weight for sintered calcium phosphate sample measured before and after immersion, the variation in the sintered calcium phosphate samples during immersion can be investigated. • C for various lengths of time. The concentration of Ca 2+ ions in the solution increased from 0 to 181 ppm, and the rate of weight loss per unit of surface area was 1.34%/cm 2 for the sample immersed for 2 d. This result indicates that the unstable calcium phosphate degraded and was released into the solution. When the immersion time increased to 14 d, the concentration of Ca 2+ ions in the solution rapidly decreased and the rate of weight loss per unit of surface area decreased because the calcium phosphate product had reformed on the surface of the sintered calcium phosphate from the Ca 2+ ions in the solution. This result is consistent with the XRD result and SEM observation for the amorphous substance precipitates. The concentration of Ca 2+ ions in the solution gradually increased when the immersion time was longer than 14 d because the amorphous substance dissolved into the normal saline solution, and the CPP reformed. When the sintered calcium phosphate pellet was immersed for 42 d, the concentration of Ca 2+ ions in the solution and the rate of weight loss of the sintered calcium phosphate pellet reached equilibrium. This result suggests that the equilibrium of the precipitation-dissolution reactions for ACP and CPP had approached completion.
The Variation in Pre-and Postimmersion Surface Hardness and pH of Immersion Solution after Sintered Calcium Phosphate Pellets Had Been Immersed for Various Lengths of Time.
The variation in surface hardness and the pH of immersion solution for sintered calcium phosphate samples immersed for various amounts of time are shown in Figure 4 . The minimum HV was 132.1 for the sample immersed for 2 d, suggesting that the ACP formed on the surface of the sintered calcium phosphate pellet prepared in a ratio of [Ca]/[P] = 1.50. The hardness values subsequently increased rapidly with increasing immersion time because of the CPP precipitate but could not reach the level of the pre-immersion sintered calcium phosphate sample. The surface hardness approached a stable value for the sample immersed for 14 d, and the sample surface exhibited a gradual tendency toward steady state. Figure 4 also shows that the pH of the normal saline solution increases during the initial stage of immersion because of the ACP precipitating and dissolving into the solution. The maximum pH of the normal saline solution reached 11.7 when the sintered calcium phosphate sample prepared in a ratio of [Ca]/[P] = 1.50 had been immersed for 4 d. Then the pH of the solution decreased for samples immersed longer than 4 days because CPP had formed, leading to a decrease in the concentrations of calcium and phosphor ions in the normal saline solution. For the sample immersed for 28 d, the pH of the solution increased, revealing that the calcium and phosphor ions were rereleased into the normal saline solution.
Biocompatibility of Calcium Phosphate Powder Pellets Prepared in the Ratio of [Ca]/[P] = 1.50 with regard to 3T3
Cells. The viability of 3T3 cells cultured for various lengths of time in solutions of calcium phosphate extracted from the pellets immersed for various lengths of time is shown in Figure 5 . 
Conclusions
The biocompatibility of HA-sintered pellets prepared in a ratio of • , and all the reflection peaks associated with HA shifted to higher-angle sites; however, the intensities of all the HA reflection peaks slightly decreased. The CPP phase was formed on the surface of the pellets after the pellets had been immersed in the normal saline solution for 42 d. The SEM image of the surface morphology showed that amorphous precursors of CPP and irregular aggregated CPP crystallites had formed after the pellets had been immersed in the normal saline solution for 14 d. The CPP formed a linked flat-plane structure over the entire HA surface after the pellet had been immersed in a normal saline solution at 37
• C for 42 d. In addition, when the pellet had been immersed in the normal saline solution for 42 d, the concentration of Ca 2+ ions in the solution, and the rate of weight loss of the HA-sintered pellet reached an equilibrium because the precipitation-dissolution reactions for ACP and CPP had approached completion. The minimum surface hardness of HA was 132.1 because the ACP had formed on the HA-sintered sample immersed for only 2 d. The surface hardness then rapidly increased because of the CPP precipitate but could not reach to the level of hardness of sintered HA pellet before immersion. The maximum pH of the normal saline solution was 11.7 when the HA-sintered pellet had been immersed for 4 d. 
